Here, we present an analysis of monthly, seasonal, and annual long-term precipitation time-series compiled from coastal meteorological stations in Greenland and Greenland Ice Sheet (GrIS) ice cores (including three new ice core records from 
Introduction
During the last decade attention has been on climate change and its present and potential future impact on the mass balances of the Greenland Ice Sheet (GrIS) and peripheral glaciers and ice caps (GIC) (e.g., Steffen and Box 2001; Hanna et al. 2005 Hanna et al. , 2006 2008 , 2011 2013a , 2013b Box et al. 2006; Fettweis et al. 2008; Bales et al., 2009; Ettema et al. 2009; van den Broeke et al 2009; Radić and Hock 2011; Mernild et al. 2010a Mernild et al. , 2011a Mernild et al. , 2011b Mernild et al. , 2013a Mernild et al. , 2013b Marzeion et al. 2012; IPCC 2013: Chapters 4 and 13), and freshwater (river) runoff from Greenlandic glacier-covered catchments (e.g., Mernild et al. 2010b Mernild et al. , 2011c Mernild and Liston 2012; Rennermalm et al. 2012; Mikkelsen et al. 2013) . Mass-balance changes are the sum of surface accumulation (precipitation), surface ablation (evaporation, sublimation, and runoff), and wastage processes (calving), and are to a large extent influenced by changes in Greenlandic climate and ocean temperatures (e.g., Straneo et al. 2010 Straneo et al. , 2013 Hanna et al. , 2013c ).
An improved and updated understanding of precipitation conditions in
Greenland is relevant not only to climatologists but also to glaciologists, hydrologists, ecologists and the wider population due to e.g., the potential for hydropower production in Greenland. Therefore, the motivation for this Greenland precipitation analysis is to include both the coastal zone (the land area between the ocean and GrIS, including several thousand GIC) and the GrIS for climatological normal periods, to enlarge our knowledge, which will contain an expanded update of earlier comprehensive Greenland climate and precipitation studies (Yang et al. 1999; Steffen and Box 2001; Hanna et al. 2006 , Bales et al. 2009 ). This study is timely given the recent rapid changes in Greenland climatology (Hanna et al. 2012 (Hanna et al. , 2013a Mernild et al. 2013c ) and GrIS and GIC mass balances (e.g., Box et al. 2012; Liston and Mernild 2012, Hanna et al. 2013b ) that have occurred over the past few decades.
Here, we present long-term monthly, seasonal, and annual precipitation time series from near-coastal meteorological stations in Greenland (1890 Greenland ( -2012 and GrIS ice cores . We examine climatological normal periods and shorter recent periods in order to provide evidence of climate change and variability in precipitation
patterns. Also, we analyze the coastal precipitation intensity -expressed as the highest 24-hour precipitation -and the number of precipitation days in relation to the precipitation sum, and the occurrence and trends of driest and wettest conditions on monthly, seasonal, and annual time-scales. Finally, we employ an Empirical Orthogonal Function (EOF) analysis to evaluate the patterns of temporal and spatial precipitation variations, and combine these with cross-correlations to relate the Greenland precipitation patterns to atmospheric circulation indices: the North Atlantic Oscillation (NAO), the Atlantic Multidecadal Oscillation (AMO), and the Greenland Blocking Index (GBI). This paper follows the analytical structure of Hanna et al. (2012b) , where long-term near-coastal surface air temperature records were analyzed on monthly, seasonal, and annual time-scales. To keep the analyses similar, our precipitation datasets were analyzed on a seasonal scale using standard three-month meteorological seasons: December through February (DJF: winter), March through May (MAM: spring), June through August (JJA: summer), September through November (SON: autumn).
Precipitation dataset and analysis

Near-coastal precipitation records
Coastal precipitation data were measured at fourteen Greenland synoptic weather stations operated by Danish Meteorological Institute (DMI) (Cappelen 2013a (Cappelen , 2013b (Figure 1 ). Technical weather station details, including details of locations and running time periods, for the stations used herein are illustrated in Table 1 . The coastal precipitation data have been quality controlled (initially subject to visual examination) and homogenized using the standard normal homogeneity test (Steffensen et al. 1993; Steffensen 1996) , and compared with neighboring station records where data are available (Cappelen 2013a) . Where the homogeneity test was not conducted by DMI, it was specifically done for this study (this was the case for the stations Nuuk, Ittoqqortoormiit, and Tasiilaq). Periodic gaps in the coastal dataset were filled using linear correlation against the nearest coastal station. Bales et al. (2009) stated that this method provides the best available estimate for gap filling, even though the stations might be several hundreds of kilometers apart. Five of the coastal station sites Upernavik, Ilulissat, Nuuk, Ivittuut, and Tasiilaq (Figure 1 ) all have observed precipitation records extending back before 1900, giving a reasonable longterm distribution of precipitation patterns in the coastal zone from Northwest Greenland (Upernavik) going south to Southeast Greenland (Tasiilaq). The other station records extend back to around 1961, except for Kangerlussuaq (1976 Kangerlussuaq ( -2012 .
Coastal precipitation was measured using the manual Danish Hellmann-type gauges (200 cm 2 opening) placed with their orifices c. 2.5 m above the ground surface and equipped with a Nipher shield to minimize undercatch due to drifting snow (Allerup et al. 2000) , or the automatic Geonor and Pluvio gauges (having the same opening area, distance above the ground, and shield as the Hellmann gauges). The observed precipitation dataset was bias-corrected following Allerup et al. (1998 Allerup et al. ( , 2000 due to systematic errors such as wind-induced undercatch (because of wind field deformation and turbulence from the measurement instrument) and wetting losses (water subject to evaporation from the surface of the inside walls of the precipitation gauge after a precipitation event and water retained on the walls of the gauge and its containers after its emptying (e.g., Goodison et al. 1989; Metcalfe et al. 1994) ). The mean bias correction multiplier for undercaught precipitation was 1.47 ± 0.12 (where ± henceforth equals one standard deviation) for all fourteen stations (Table 1) , ranging from 1.48-1.74 in the northern part of coastal Greenland to 1.27-1.56 in the southern part. These correction intervals correspond to results from Yang et al. (1999) , who reported total annual gauge bias corrections of 1.50-1.75 in the northern part and 1.20-1.40 in the southern part for the Hellmann gauge-measured precipitation. In their analysis, Yang et al. (1999) included wind-induced undercatch, wetting losses, and trace amounts. The latter is a measurement of precipitation of less than 0.1 mm, which is below the resolution of the gauge measurement. The bias correction was highest where the percentage of snow in total annual precipitation was greatest, varying from c. 70-80 % in the northern part of Greenland to c. 30-40 % in the southern part. This regional disparity corresponds with progressively higher temperatures from north to south. This has also been confirmed by e.g., Yang et al. (1999) and Bales et al. (2009) . Henceforth, bias corrected precipitation will be referred to as precipitation.
We calculate mean annual sums of coastal precipitation from seven stations asterisked (*) in Table 1 to construct a coastal composite Greenland precipitation (CGP1) time series from 1961 to 2012 (shown as an anomaly in Figure 2a ): Out of the seven station time series, 351 of 364 (96 %) annual precipitation values were present and used for the CGP1 time series. Where data were missing (4 %) the mean annual CGP1 sums were calculated only based on available data. In addition, we construct a composite coastal Greenland precipitation (CGP2) time series from 1900 to 2012 based on sums from the only two long-term coastal stations covering the entire period asterisked (**) in Table 1 : Nuuk (1890 Nuuk ( -2012 and Tasiilaq (1898 Tasiilaq ( -2012 (Figure 2a ).
For the CGP2 1900-2012 time series 84 % of the data were present and used for the years where mean annual precipitation data were present for both Nuuk and Tasiilaq.
CGP2 has the advantage of illustrating the coastal composite precipitation changes for parts of the southern half of Greenland since 1898, through two periods during the 1930s-1940s and 1990s-2012 , where regional warming is acknowledged (e.g., Chylek et al. 2006 , Hanna et al. 2012 . However, quite often precipitation trends are opposite in southeast and southwest Greenland and have different climatic forcing functions. Precipitation in southeast Greenland is generally affected by the cyclonicity between Iceland and Greenland, whereas precipitation in southwest Greenland is often dominated by low pressures forming in the Labrador Sea (e.g. Hanna et al. 2006 ).
Ice core estimated precipitation records
Precipitation from the GrIS was estimated from annual layer water-equivalent thicknesses from 15 ice cores ( Figure 1 and Table 2 ). These ice-core time-series provide a spatial GrIS net solid precipitation (i.e. net accumulation) distribution from 1890-2010 for the Tunu2013 and Act11d ice cores, 1890 (Summit2010), 1890 -2003 (Act2d and Act3), 1890 -2002 (McBales, D4, and D5), 1890 -2001 (NEEM-2008 , 1890 -1998 (D1, D2, and D3), 1890 -1995 (GITS), and 1890 -1994 (HumbMain and Nasau). This method for determining GrIS net solid precipitation does take into account the effects of evaporation and sublimation and would therefore potentially underestimate the actual annual total precipitation. Evaporation is almost negligible at the interior of the GrIS due to daily near-surface air temperatures and mean annual near-surface air temperatures below the freezing point (-32 to -25°C yr -1 , 1950-2011) (McGrath et al. 2013) , where sublimation is likely to be the primary cause of ablation. Surface mass balance simulations indicate that sublimation loss constitutes about 8 % of the annual GrIS precipitation (Mernild et al. 2008a; Mernild and Liston 2012) . Therefore, to compensate for the sublimation and evaporation loss annual GrIS net precipitation was adjusted (in line with previous work by Bales et al. 2009 ) by adding 8 %. Therefore, the GrIS ice-core corrected net solid precipitation will henceforth be referred to as precipitation. Ice cores were collected from higher elevation (> 2000 m) sites widely distributed around the GrIS (Figure 1 ). Details on the collection and measurement techniques used to develop many of the ice core accumulation records have previously been presented (e.g., Bales et al. 2009; Hanna et al. 2006 Hanna et al. , 2011 . Hence, here we focus on the development of three new ice core records: Act11D, Tunu2013, and Summit2010. All three ice cores were collected without drilling fluid using an electromechanical drill. The ~1 m long cores were returned frozen to the laboratory (in Reno, Nevada), where they were cut into longitudinal samples with cross sections ~0.032 by ~0.032 m. The longitudinal samples were analyzed for a broad range of ~35 elements, chemical species, and water isotopes using a unique continuous ice core melter system (McConnell et al. 2002 (McConnell et al. , 2007 . While nearly all parameters show distinct annual cycles, we primarily used non-sea-salt sulfur, calcium, sodium, black carbon, and deuterium to count annual layers. Well-known, dated volcanic horizons were used to confirm the annual layer counts (Sigl et al. 2013) . Uncertainty in the annual dating is estimated to be <2 year for the Tunu2013 and Summit2010 records, which were collected in the dry snow zone of the GrIS. Act11d was collected in the percolation zone, where meltwater forming at the surface percolates into the snowpack before refreezing, thereby mixing the preserved chemical record.
Percolation at the Act11d site generally is limited to much less than the thickness of the annual snow layer so perturbation of the record is limited. We estimate the annual dating uncertainty at Act11d as well to be <2 years. Annual net accumulation in water equivalent was determined from the difference in depth between two annual markers after converting the chemical records from snow depth to water equivalent depth.
Previous studies using continuous measurements of closely spaced ice cores suggest that due to surface undulations on the ice sheet the uncertainty in ice-core-derived annual accumulation measurements is ~30 mm w.e. yr -1 (McConnell et al. 2000) .
Statistical calculations
We applied standard descriptive statistics such as mean values, standard deviation and extreme (minimum and maximum) values. In addition, linear regression analysis was used to evaluate evidence of changes and trends for the various climatological normal periods overlapping by 10-year intervals (e.g., 1961-1990, 1971-2000, etc.) . Shorter recent periods of interest, e.g., 1991-2012 and 2001-2012, were also included in these calculations. To test for possible relations and trends, all correlations labeled as 'significant' are at or above the 95 % confidence level (p < 0.05; where p is level of significance, indicating that there is less than 5 % probability that such a correlation between the two time series was produced by chance). Such calculations are based on the null hypothesis. Also, we use a 10-year running average (five years back in time and four years forward in time) analysis to illustrate the general variability and periods of years with low/high sums of precipitation.
Further, we analysed the spatio-temporal patterns of precipitation using the Empirical Orthogonal Function (EOF) method. EOF analysis treats the time by spatial location precipitation as a matrix and orders these data using singular value decomposition to return major axes of variation in precipitation of the same length as the precipitation time series. The eigenvectors associated with such an analysis are linked to the spatial locations and reveal relationships between the sites and the major axes. All data were centered and scaled before analysis. 
Results and discussions
Annual precipitation trends
Mean annual coastal precipitation for the most recent 2001-2012 period ranged from 302 ± 94 mm water equivalent (w.e.) yr -1 at Danmarkshavn in Northeast Greenland to 2,283 ± 576 mm w.e. yr -1 at Ikerasassuaq, on the east coast in the far south (Table 3a) . On the GrIS mean annual precipitation for this period ranged from 123 ± 22 mm w.e. yr -1 at Tunu2013 (in the northeast) to 378 ± 64 mm w.e. yr -1 at Act11d (in the southwest close to Kangerlussuaq) (Table 4) . At Ikerasassuaq, the precipitation pattern is highly affected by synoptic cyclone passages passing close to Iceland, which typically set up a prevailing easterly airflow towards the southeast coast of Greenland, with orographic enhancement of resulting precipitation (e.g. Hanna et al. 2006 , Bales et al. 2009 ). In general, the mean annual coastal precipitation decreased with increasing latitude (a similar trend occurred for the GrIS) and with increasing distance from the coast inland towards the ice-sheet margin. As an example, in both West Greenland between Sisimiut (at the coast) and Kangerlussuaq (c. 130 km east of Sisimiut and c. 25 km from the ice-sheet margin) and South Greenland between Qaqortoq (at the coast) and Narsarsuaq (c. 60 km northeast of Qaqortoq and c. 30 km from the ice-sheet margin), the mean annual precipitation sum decreased from 631 ± 250 to 258 ± 63 mm w.e. yr -1 and 1,217 ± 432 to 791 ± 229 mm w.e. yr -1 (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , respectively. Similar coastal-to-inland precipitation trends also existed for other periods 1961-1990 to 1991-2012 for which data are available (Table   3a) , and are likely explained by prevailing wind circulation (e.g., katabatic winds draining downslope from the ice-sheet interior), distance from the oceanic moisture source and the orographic effect of near-coastal mountains -the latter being especially important in Southeast Greenland. We would therefore expect similar coastal-to-inland precipitation trends elsewhere along the Greenland coast. This is in contrast to previous work by Bales et al. (2009) , who for short distances near the coast, due to orographic enhancements (and the use of high spatial resolution radar profiles), noted an increase in precipitation towards inland areas in Southeast Greenland.
The mean annual coastal precipitation sums for the most recent [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] period for the only two long-term precipitation time series Nuuk and Tasiilaq (1901-2012) yield the highest mean precipitation sum of 1,369 ± 339 for Nuuk and one of the highest mean precipitation sums of 1,257 ± 232 mm w.e. yr -1 for Tasiilaq, with both locations significantly (p < 0.01) above the mean annual precipitation sums of the warm 1930s-1940s depicted by the 1921-1950 and 1931-1960 climatological normal periods (Table 3a) . On an annual timescale, Aasiaat, Sisimiut, and Qaqortoq recorded their maximum annual precipitations in 2012, and Nuuk recorded its maximum annual precipitation in 2005 (highlighted in bold in Table 7 ). This is in contrast to the annual precipitation trends on the GrIS where no annual maximum or minimum precipitation occurred for the most recent decade (Table 8) . Further, the three long-term ice core time series: Summit2010, Tunu2013, and Act11d showed no significant trends or differences in precipitation sums between the most recent period and the sums of the warm 1930s-1940s (depicted by the 1921-1950 and 1931-1960 normal periods) (Table 4 and Figure 3a ). (both significant; p < 0.01) ( Table 5a ). The spatial distribution of the precipitation trends for all the coastal meteorological stations is heterogeneous, depicting both increasing and decreasing trends. This is evident even for relatively short distances between the stations, probably due to a combination of both local and regional weather conditions. For example, the Sisimiut precipitation trend (2001-2012; see above) shows a significant increase but for the same time there was no significant trend at Kangerlussuaq, located 130 km inland. For the same time period, Narsarsuaq and Qaqortoq had insignificant trends, respectively. It is also noteworthy that for none of the normal periods did all coastal stations simultaneously record either positive or negative precipitation trends; similar heterogeneous trend patterns occurred for the GrIS ice core estimated precipitation time series, including the three ice cores:
Summit2010, Tunu2013, and Act11d covering the latest decade (Table 6 ). This variability illustrates complex temporal and spatial precipitation patterns in Greenland. However, for the CGP1 (1961 ), CGP2 (1900 ), and CGIC (1890 -2000 anomaly time series the annual precipitation increased on average by 1.3 mm w.e. yr -2 (insignificant), 3.5 mm w.e. yr -2 (significant, p < 0.01), and 0.1 mm w.e.
yr -2 (insignificant) (Figures 2a and 3 ), respectively. These overall upward trends may indicate that the amount of precipitation across Greenland is increasing in a warming climate. This is in accordance with rising temperatures documented in previous published Greenland climatological analyses such as Hanna et al. (2012) .
Annual temporal and spatial precipitation conditions
The complex, spatially variable Greenland precipitation trends are captured effectively by the EOF analysis. The first two modes EOF1 (the uniform patterns) and EOF2 (the spatially segregated patterns), represent 46 % and 12 %, respectively, of the squared covariance. They reveal two potential patterns (Figures 4a and 4b ), where only EOF1 is statistically significant. However, we report the patterns for both EOF modes for comparative purposes.
Visible via the smoothing line (10-year running mean) in Figure 4a , EOF1 was positive between 1900-1930 and 1960-1980 and negative between 1930-1960, and 1980-2012. For EOF2 (Figures 4b, 4d , and 5b), a much more substantial separation between the interior and the coastal precipitation regimes are suggested. For example, 11 out of 15 ice core locations at the interior had a positive correlation with EOF2, while eight out of 14 station locations in the coastal zone had negative correlations with EOF2 ( Figure 5b ). As with EOF1, there are some exceptions, since a few ice cores seems to be more similar to the coastal precipitation regime, and a few coastal stations were more similar to the interior precipitation regime (Figures 5a and 5b) . Overall for the annual analysis, the eigenvectors interpolated across longitudes and latitudes highlights the spatio-temporal pattern of precipitation across Greenland (Figures 4c and 4d) . For EOF1 the signature of Greenland precipitation indicates three sections: one in northwest, southeast, and northeast Greenland with sites (Figure 4c ), that all are near zero or positively correlated, and different from the conditions in the interior of the GrIS. This separation between northwest, southeast, and northeast could probably be due to the different climatic forcing functions for Greenland, where precipitation in the northeast may be dominated by changes in the sea-ice content, in the coastal southeast by a combination of synoptic cyclone passages near Iceland and orographic enhancement of precipitation, and in (south)west Greenland by low pressures forming in the Labrador Sea (e.g. Hanna et al. 2006) . In the interior the signature indicates positively correlated conditions, suggesting that the variability in ice-core estimated precipitation may be influenced by the same overall climatic precipitation and topographical conditions. For EOF2 (Figure 4b ), the spatially interpolated conditions seem however to have a less clear signature.
Seasonal coastal precipitation trends
On a seasonal timescale, for both winter and spring the mean coastal precipitation sums for the most recent period 2001-2012 were lowest for Kangerlussuaq and highest for Ikerasassuaq, whereas for both summer and autumn minima were recorded at Danmarkshavn and maximum at Ikerasassuaq (Tables 3b-e) . Also for other periods, Ikerasassuaq had maximum seasonal precipitation sums for all four seasons , where data are available), while the minimum seasonal sums alternated between Danmarkshavn and Kangerlussuaq (1991 , and 1981 , where data are available). This probably reflects higher temperatures and a convective/Labrador Sea influence on Kangerlussuaq precipitation in summer. At
Ikerasassuaq, the range in mean seasonal precipitation sum (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) varied from 553 ± 289 mm w.e. in spring to 695 ± 232 mm w.e. in summer (Table 3b -e). For the minimum locations, the winter and spring mean (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) sums at Kangerlussuaq were 40 ± 12 and 44 ± 30 mm w.e., respectively, and summer and autumn sums at
Danmarkshavn were 51 ± 33 and 56 ± 20 mm w.e., respectively. It is worth mentioning that for all four seasons the mean seasonal coastal precipitation sum decreased with increasing latitudes and along the two coastal-to-inland transects from
Sisimiut to Kangerlussuaq and Qaqortoq to Narsarsuaq. These overall latitudinal and coastal-to-inland patterns are present not only for the most recent period, but also for the periods 1961-1990 and 1991-2012 , where data are available (Table 3b- Table   10 ). This is in contrast to Qaqortoq, Ittoqqortoormiit, and Tasiilaq, where precipitation records rarely occurred during the last decade. 
Highest 24-hour precipitation and number of precipitation days
The annual coastal precipitation sum is shown in Figure 7 together with the highest 24-hour precipitation (a proxy of precipitation intensity) and the annual number of days with precipitation. A high annual precipitation sum corresponds to a high number of precipitation days, and vice versa, as shown using linear regression (r 2 = 0.59 and p < 0.01). For the coastal precipitation interval from 0 to 500 mm w.e. yr -1 the range in the annual number of days with precipitation varies between c. 50 to 175 days (having a mean and standard deviation of 96 ± 32 days). In comparison, above 1,000 mm w.e. yr -1 the range is between c. 100 to 200 days (153 ± 23 days). The difference in mean and standard deviations between the two intervals indicates that for high annual precipitations (> 1,000 mm w.e. yr -1 ) the number of precipitation days was higher but the spread in the number of days was lower, and vice versa for the 0 to 500 mm w.e. yr -1 interval. Regarding a potential link between the annual precipitation sum and the highest 24-hour precipitation, a significant (p < 0.01) correlation of 0.54 was found, indicating that years of high annual precipitation tend to have the highest 24-hour precipitation (Figure 7 ).
Conclusions and perspective
In Greenland there is significant variability in precipitation conditions and trends among coastal meteorological stations and ice cores through time since 1890.
Precipitation on both annual and seasonal time-scales decreased with increasing latitude and increasing distance from the coast and inland towards the ice-sheet margin, likely explained by the distance from the oceanic moisture source and the orographic effect of near-coastal mountains.
Our EOF analysis provides two insights. First, there is an overall spatiotemporal cycle of precipitation captured in the EOF1 mode that is linked to the NAO and AMO and with an approximately six years lag time response to the GBI. All but three records of precipitation are linked to this pattern. Second, there is a clear potentially important separation of coastal and ice-core series that is strongly linked to the NAO, indicating a NAO-driven oscillation between inland and coastal precipitation patterns. We note, however, that while the patterns are clear in the spatial segregation and correlation with NAO, the second EOF2 mode actually captures only a small potentially non-significant amount of variation. This might change with a more spatially resolved set of data.
A distinct increase in coastal precipitation occurred around 1960, and coastal precipitation was almost in anti-phase with the (running mean) variability in the AMO-index (1925 AMO-index ( -1995 and the ice-core estimated GrIS precipitation time-series.
This indicates that major changes in the mean annual precipitation pattern of around 500 mm w.e. yr -1 can occur within a 5-10 years timeframe. It is important to highlight and understand such rapid changes in the Greenland precipitation patterns to improve the reliability of future climate projections, since such rapid precipitation changes during climate warming may influence coastal glacier mass balance and water budgets, including freshwater runoff from Greenland to the adjacent ocean.
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